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Abstract
 .A full length voltage-dependent anion-selective channel VDAC cDNA was cloned from Drosophila melanogaster by
 .expression library screening using an antibody against an insect VDAC protein. The cDNA clone denoted DmVDAC is
 .  .1082 base pairs bp in length and contains an open reading frame bp 62–907 encoding a 282 amino acid protein which
has a predicted molecular mass of 30 550 Da, a predicted p I of 6.98 and no cysteines. Hydrophobicity analysis suggests 15
or 16 membrane-spanning domains. The DmVDAC amino acid sequence has variable homology with VDACs from other
species ranging from 62% identity with a human VDAC to 23% identity with a Dictyostelium discoideum VDAC.
DmVDAC has 92% identity with the 38 conserved residues in a VDAC consensus sequence. DmVDAC was expressed in
VDAC-null yeast but failed to rescue viability. DmVDAC has 88% identity at the amino acid level and 99% identity at the
  .nucleic acid level with a recently reported D. melanogaster VDAC sequence A. Messina et al., FEBS Lett. 384 1996
.9–13 . Homology analyses with the Messina and other VDAC sequences indicate that the amino acid differences are due to
minor errors in the Messina sequence. Southern blots and chromosomal in situ hybridizations suggest a single VDAC gene
occurs in the fly with a locus at 32B on the left arm of the second chromosome. q 1997 Elsevier Science B.V.
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1. Introduction
Voltage-dependent anion-selective channels
 .VDACs are large-pore channels through which ade-
nine nucleotides, metabolites and ions traverse the
)  .Corresponding author. Fax: q1 314 5778489. E-mail:
ryersejs@slu.edu
1 The nucleotide sequence data of the DmVDAC clone re-
ported in this paper have been submitted to the GenBank under
accession number U70314.
w xouter mitochondrial membrane 1–3 . The biophysi-
cal properties of VDACs from a wide variety of
species have been characterized in planar phospho-
 w x.lipid membranes reviewed in 4,5 and VDACs
have been cloned and sequenced from several species
w x w x w xincluding the human 6–9 , rat 10 , cow 11,12 ,
w xNeurospora crassa 13 , Saccharomyces cere˝isiae
w x w x w x w x14,15 , potato 16 , wheat 17 , pea 18 and maize
w x w x18 . Isoforms have been identified in humans 19 ,
w x w x w xfish 20 , wheat 17 and potato 16 .
The idea has been held by some that VDACs are
passive diffusion pores, however, recent evidence
0005-2736r97r$17.00 q 1997 Elsevier Science B.V. All rights reserved.
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suggests that VDACs are regulated by a variety of
w xfactors including cytoplasmic enzymes 21–26 , a
w x w xmodulator protein 27–29 and metabolites 30–32 ,
and that VDAC dysfunction may be involved in a
w xvariety of human diseases 21,25,33–39 . Elucidation
of VDAC function has come primarily from in vitro
studies and from studies with yeast and an important
goal is to identify models in which the role of
VDACs in multicellular eukaryotes can be studied in
vivo.
The fruitfly, Drosophila melanogaster, would be a
useful model for such studies, however, there have
w xbeen few studies of VDACs in insects 20,40 . We
have recently isolated and characterized a 31 kDa
VDAC protein from the moth Heliothis ˝irescens
w x41 and we describe here the cloning and molecular
characterization of a VDAC cDNA from D.
 .melanogaster denoted DmVDAC . The cloning of
another VDAC cDNA from the fly was recently
w xreported by Messina et al. 42 . The two fly se-
quences differ by 12% at the amino acid level, how-
ever, they are more than 99% identical at the nucleic
acid level. Our analyses show that the two cDNAs
represent the same gene and that the differences in
amino acid sequence derive from minor errors in the
Messina sequence. Our Southern blot and in situ
hybridization data indicate a single gene with a locus
at 32B on chromosome 2L.
2. Materials and methods
2.1. Library screening
Approximately 150 000 plaques from a D.
melanogaster cDNA library Stratagene UniZap XR
.Canton S embryonic library were screened with an
affinity-purified antibody R19AP; raised against a
31 kDa VDAC protein from the tobacco budworm
w x.H. ˝irescens; Ref. 41 using standard procedures
and alkaline phosphatase-labelled secondary antibod-
ies to visualize positive plaques. Eight potential posi-
tive clones were identified, two of which had se-
quence identity with VDAC genes. The clone de-
scribed here was manually sequenced on both strands
using the Sanger procedure and the sequence was
then independently confirmed on both strands by
automated fluorescent DNA sequencing in the DNA
sequencing facility at Monsanto Company, St. Louis,
MO.
2.2. Computer data-base searches and analyses
Homology searches and alignments, and hy-
drophobicity analyses were carried out using the Wis-
 .consin Genetics Computer Group GCG software
package, version 8.1.
2.3. Yeast plasmid construction, transformation and
functional assay
The DmVDAC coding region was amplified in a
X  Xthermal cycler using a 5 primer 5 GACTCCATG-
X.GCTCCTCCATCATACA3 containing an NcoI site
X  Xand a 3 primer 5 CTGAATGCATTTAGGCCTC-
X.CAGCTCCAGAC3 containing an NsiI site. The
product was digested with NcoI and NsiI, and in-
serted into the yeast POR1 gene cut with NcoI as
.  Xthe initiation codon and NsiI near the 3 end of the
.POR1 coding region . The resulting construct was
inserted into the yeast centromere-based plasmid pS-
EYC58 and into the 2-micron based plasmid pSEY8
w x43 . The insert sequence was confirmed by DNA
sequencing in the sequencing facility at the Vollum
Insititute, Portland, OR. Yeast strains M-3 and M22-2
w x w x44 were transformed 45 with plasmids and grown
w xon SMM plates 46 supplemented with adenine,
histidine, tryptophan, lysine and leucine. A minimum
of six transformants per transformation were streaked
w xon glycerol-based YPG plates 46 and duplicate plates
were grown at 308C and 378C with M-3 and M22-2
on the same plate for controls. Transformants were
scored as VDAC negative if they grew on YPG at
308C and grew no better than untransformed M22-2
on YPG at 378C. Cultures for yeast cell lysates were
grown on liquid SMM supplemented as above and
extracts were prepared for immunoblots as described
w x47 .
2.4. Southern blots
w xGenomic DNA was isolated from adult flies 48
and 15 mg aliquots were digested with 10 units each
of BamHI, EcoRI, HindIII, SacI or XhoI for 2.5 h
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at 378C, electrophoresed on 0.7% agarose gels, blot-
ted to nylon membranes, incubated in 6=SSC for 2
h, baked at 808C for 2 h, incubated in prehybridiza-
w xtion buffer 48 for 2 h at 558C and hybridized at
w 32 x558C for 16 h with a- P dCTP-labelled DmVDAC
 8 .specific activity, 2.4=10 cpmrmg in hybridiza-
w xtion buffer 48 . The blots were washed for 15 min in
w x2=SSC 48 , 0.5% SDS at 258C, for 15 min in
2=SSC, 0.1% SDS at 258C, and for 2=60 min in
0.1=SSC, 0.5% SDS at 688C. They were then air-
dried and subjected to autoradiography for 5 d.
2.5. In situ hybridization
An 18 kb genomic VDAC clone was isolated by
screening a D. melanogaster genomic library 0–12
. 32h Canton S embryonic, Stratagene with P-labelled
DmVDAC cDNA as a probe using standard proce-
w xdures 48 . The genomic clone was confirmed to
contain a VDAC gene by the specific amplification
of a VDAC product by polymerase chain reaction
using DmVDAC specific primers. The genomic clone
was labelled with biotin-14-dATP BioNick labelling
.system, Life Technologies , hybridized to fly poly-
w xtene chromosome squashes 49 and hybridizing bands
visualized by means of streptavidin-alkaline phos-
 .phatase staining Life Technologies kit .
3. Results and discussion
3.1. Nucleotide sequence
The nucleotide sequence and the predicted amino
acid sequence of the DmVDAC cDNA clone are
shown in Fig. 1. The nucleotide sequence has been
deposited in the GenBank accession number
.  .U70314 . The clone is 1082 base pairs bp in length
and includes 61 bps of non-coding 5X sequence, an
 .open reading frame of 845 bp bp 62–907 and 176
bp of non-coding 3X sequence. The 3X sequence con-
tains the termination consensus sequence aataaa bp
.  .1036–1041 and a polyA tail bp 1075–1082 . The a
and g nucleotides in the y3 and q4 positions of the
atg at bp 61–63 match Kozak’s initiation consensus
w x Xsequence 50 and together with the 5 in-frame stop
 .codons asterisks suggest this is the translation start
site. Thus there is no additional 5X leader sequence in
w xthe DmVDAC cDNA as in some VDAC genes 9,10 .
The 3X untranslated sequence lacks an attta motif,
Fig. 1. Nucleotide and predicted amino acid sequence of the DmVDAC cDNA. The clone is 1082 bp in length and includes an open
 .reading frame bp 62–907 which predicts a 282 amino acid peptide with a molecular mass of 30 635 Da, a p I of 7.82 and no cysteines.
X  .  .Asterisks indicate two 5 in-frame stop codons bp 38–40 and 47–49 and the termination codon bp 908–910 . Potential glycosylation
X  .sites are indicated by underlining. The 3 sequence contains an aataaa termination consensus sequence bp 1036–1041 and a polyA tail
 .bp 1065–1082 .
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thought to signal the rapid degradation of a human
w x w xVDAC 8 and other 51 mRNAs.
3.2. Amino acid sequence
The DmVDAC cDNA predicts a protein of 282
amino acids with a molecular mass of 30 550 Da. As
is the case for most VDACs, the initial methionine is
w xcleaved in both H. ˝irescens 41 and D.
 .melanogaster J. Ryerse, unpublished data VDAC
proteins. DmVDAC contains no cysteines, thus disul-
fide bonds are not required for secondary or tertiary
w xstructure. N. crassa 15 and Dictyostelium dis-
w xcoideum 13 VDACs also lack cysteines. The DmV-
DAC protein contains two potential N-linked glyco-
 .sylation sites Fig. 1, underlined which may be
w xinvolved in plasma membrane targeting 11,51 . The
predicted p I of 6.98 suggests the protein has a net
positive charge at neutral pH, consistent with the
weak anion-selectivity of most VDACs including
w xthose from D. melanogaster 40 and H. ˝irescens
w x41 .
3.3. Homologies with VDACs from other species
The DmVDAC amino acid sequence is compared
with the D. melanogaster VDAC sequence of
w xMessina et al. 42 and with VDACs from other
species in Fig. 2. The DmVDAC protein has the
 .highest identity 87.9% with the Messina sequence
followed by mammals, N. crassa, plants, S. cere-
˝isiae and D. discoideum. The view has been ex-
pressed that VDAC sequence is very poorly con-
w xserved among organisms 16 , but our data suggest
that there is a graded continuum with the highest
degree of homology among mammals, a moderate
degree between mammals and arthropods and rela-
tively low homology between vertebrates and plants.
The DmVDAC sequence is compared with a
w xVDAC consensus sequence 8 in Fig. 3. Thirty-five
 .of the 38 residues 92.1% which are conserved in all
 .four VDACs evaluated Fig. 3, underlined are also
conserved in the DmVDAC sequence. The consensus
sequence contains 58 additional residues which are
conserved in three of the four VDACs evaluated, of
 .which 39 67.2% are conserved in the fly. Many of
the conserved residues are charged e.g., lysines and
.aspartic acids and these are thought to be essential
Fig. 2. Comparison of the DmVDAC amino acid sequence with
w x  .the Messina et al. 42 fly sequence VDACME and with
 .  .VDACs from human VDACH1 and VDACH2 , rat VDACRB ,
 .  .N. crassa VDACNC , S. cere˝isiae VDACSC , D. discoideum
 .  .  .VDACDD , maize VDACMZ and potato34 VDACPO . %ID,
percent identity with the DmVDAC sequence. Asterisks indicate
the same residue as in the DmVDAC sequence and dots are
spacings introduced by computer alignment. Ref, reference.
w x for ion selectivity 44 . A GLK domain residues
.97–98 is conserved among the 10 VDAC sequences
shown in Fig. 2, although in D. discoideum it is
offset by computer alignment. This domain must be
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 .Fig. 3. Comparison of the DmVDAC and Messina VDACME
w xD. melanogaster VDAC 42 sequences with the consensus se-
w xquence of Ha et al. 8 . The underlined residues in the consensus
sequence are conserved in all four sequences evaluated. The
remaining residues are conserved in three of the four sequences
evaluated. 92% of the absolutely conserved residues and 67% of
the 3r4 conserved residues are conserved in the DmVDAC
sequence. Dots in the D. melanogaster sequences represent
alignment adjustments.
important for VDAC structure or function given it’s
conservation among the widely divergent species.
The GLK triad is not absolutely conserved, however,
w xsince L is replaced by V in the pea 18 and by W in
a recently cloned yeast VDAC E. Blachly-Dyson
.and M. Forte, unpublished data . D17, K21 and T85
are also highly conserved among VDACs and likely
play critical roles in channel function. In general,
however, relatively few amino acids are absolutely
conserved among VDACs, consistent with their toler-
ance for considerable divergence in primary structure
without significant effect on secondary structure and
w xchannel function 16 .
3.4. Secondary structure
VDACs are thought to consist of a single peptide
w xwhich forms a thin-walled b-barrel 52–54 with a
w xcytoplasmic, a-helical N-terminus 55–57 and with
w x w xeither 12 44 or 16 16,18,55 anti-parallel amphi-
pathic membrane-spanning domains. Kyte and
w xDoolittle 58 hydropathy profiles for D.
melanogaster, human, potato and yeast VDACs are
compared in Fig. 4. All are characterized by a hy-
drophilic N-terminus and a series of alternating hy-
drophobic and hydrophilic domains along the pro-
teins. The fly, human and potato profiles are gener-
ally similar and are most consistent with 15 or 16
membrane-spanning domains. DmVDAC, like other
VDACs, has a high glycine content permitting exten-
sive peptide folding for b-barrel formation.
3.5. Complementation analysis
To determine whether DmVDAC could substitute
for the major VDAC gene in yeast, the DmVDAC
coding region was placed between the promoter and
termination sequences of the yeast VDAC1 gene,
POR1. This construct was introduced into yeast lack-
ing the POR1 gene on a low copy number cen-
w xtromere-based plasmid 59 and on a multicopy plas-
w xmid 60 . Yeast cells lacking the POR1 gene can
 .grow on glycerol-based media YPG at 308C, but not
w xat 378C 44 , while yeast with a wild-type POR1 gene
grow well at both temperatures. The yeast cells failed
to grow on YPG at 378C following transformation
with either construct, indicating the fly gene could
not functionally substitute for the yeast gene. Inabil-
ity to complement is somewhat surprising as two
w xhuman VDAC genes restored growth 9 , and DmV-
DAC has 58–62% identity with human VDACs Fig.
.2 . Two potato VDACs, however, also failed to
w xrescue VDAC-deficient yeast 16 . We confirmed by
nucleotide sequencing that the DmVDAC constructs
contained the appropriate initiation and termination
codons and had no missing or altered bases not
.shown . In addition, we confirmed that DmVDAC
protein was synthesized in transformed null yeast and
targeted to the mitochondria by staining extracts of
 .  .  .Fig. 4. Hydrophilicity profiles of A DmVDAC, B human, C
 .potato and D yeast VDACs. Amino termini are to the left,
residue numbers are at the top. Hydrophilic residues are above
and hydrophobic residues are below the horizontal lines.
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yeast and mitochondrial fractions on blots with a
DmVDAC protein antibody data not shown; Ab
w x.described in Ref. 41 . The reason for the lack of
complementation therefore remains to be determined.
3.6. Southern blots
In order to evaluate the complexity of VDAC
genes in D. melanogaster, we carried out a Southern
blot analysis of genomic DNA cut with five restricton
 .enzymes BamHI, EcoRI, HindIII, SacI, XhoI and
probed at 558C with a 32P-labelled DmVDAC poly-
 .merase chain reaction product Fig. 5 . Lanes 1, 2, 3
and 5 contain single hybridizing bands indicating that
the DmVDAC gene is a single copy gene. Lane 4
contains several bands due to the presence of internal
XhoI sites in the DmVDAC clone. DmVDAC cDNA
was used as a positive control and lDNA size mark-
 .ers as a negative control not shown . Similar results
were obtained in a duplicate experiment in which the
 .hybridization was carried out at 508C not shown .
3.7. Are there VDAC isoforms in flies?
VDAC isoforms have been identified in the human
w x w x w x9 , in plants 16,17 , and may also occur in fish 20 .
The differences in the DmVDAC and Messina se-
 .quences Fig. 2 raised the possibility that these
might also be isoforms, however, the following se-
quence analysis suggests that these differences result
from sequencing errors rather than from the cDNAs
being isoforms.
Fig. 5. Southern blot analyses of D. melanogaster genomic DNA
 .  .  .  .  .cut with 1 BamHI, 2 HindIII, 3 SacI, 4 XhoI, and 5
EcoRI and probed at 558C with 32P-labelled DmVDAC cDNA.
 .Single hybridizing bands dots in lanes 1, 2, 3 and 5 suggest a
single VDAC gene occurs in D. melanogaster. Lane 4 has
several bands because the VDAC gene contains internal XhoI
sites. Size standards of 7, 4 and 3 kb are indicated with arrow-
heads.
In contrast to the differences between DmVDAC
and human amino acid sequences, which are spread
out along the length of the proteins, the divergence
between the fly proteins is concentrated in two do-
 .mains Figs. 2 and 3 . The partial homology between
the Messina fly sequence and the human VDAC
sequence breaks down in these domains, whereas the
partial homology between DmVDAC and the human
VDAC sequence persists across these regions. Fur-
ther, of the two absolutely conserved residues in the
w xconsensus sequence 8 which are located in the
regions of difference between the fly sequences, both
are conserved in the DmVDAC sequence but neither
 .is conserved in the Messina sequence Fig. 3 . Simi-
larly, of the 10 residues in the two divergent regions
which are conserved in 3r4 of the clones included in
the consensus sequence, there are seven matches in
the DmVDAC sequence compared with only one
match in the Messina sequence.
The foregoing suggested that the differences be-
tween the two fly sequences might arise from minor
errors in one of the cDNA sequences. Computer
analysis of the nucleic acid sequences in the open
reading frames of the two cDNAs indicated an iden-
 .tity of greater than 99% Fig. 6 consistent with the
idea that one of the cDNAs contained sequence errors
and with the idea that they might represent one and
the same gene. With this in mind, we confirmed that
the DmVDAC sequence was correct by independent
automated fluorescent DNA sequencing at Monsanto
Company and at the Vollum Institute. We were then
able to identify several missing, mis-assigned and
mis-ordered bases in the Messina sequence. These
errors accounted for all of the differences in amino
acid sequence. For example, the missing G358 see
Fig. 6; base position numbers refer to position in the
.DmVDAC sequence initiates a set of 16 divergent
 .amino acids Figs. 2 and 3 before the coding se-
quence returns to the correct reading frame due to
missing T406 and G407 bases. Similarly, the missing
G572 initiates the second domain of divergent amino
acids before returning to the correct reading frame
due to missing C582 and G617 bases. The mis-as-
signment of A for C271 in the DmVDAC sequence is
without consequence since both codons yield leucine.
However, the mis-assignments of C for T714, T for
 .C717, and G for C754 Fig. 6 result in incorrect
amino acid assignments of S, V and R instead of F, A
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 .and A as in the DmVDAC sequence Figs. 3 and 6 .
The mis-ordered ACG versus GAC at bps 815–817
in the DmVDAC sequence results in assigning a T
instead of a D as in the DmVDAC sequence. Addi-
tional differences were also found in the 5X and 3X
non-coding regions.
We used in situ hybridization of polytene chromo-
some squashes as another approach to evaluate
Fig. 6. DmVDAC and the Messina et al. D. melanogaster
sequences are more than 99% identical at the nucleic acid level
suggesting that the two sequences represent the same gene. As
discussed in the text, the 12.1% difference between the two
sequences at the amino acid level is due to missing, mis-assigned
and mis-ordered bases in the Messina nucleotide sequence.
Fig. 7. In situ hybridization to D. melanogaster polytene chro-
mosomes using a genomic VDAC clone as a probe indicates
there is a single VDAC gene in the fly located at 32B on the left
arm of chromosome 2. The inset illustrates the fine structure of
the region at higher magnification in which the hybridizing band
is localized immediately distal to the 32C band.
whether there are VDAC isoforms in the fly. An 18
.kb genomic VDAC clone was obtained by screening
a fly genomic library with the DmVDAC cDNA and
labelled genomic clone was used as the in situ hy-
bridization probe. A single hybridizing band was
consistently observed with a cytogenetic locus at 32B
 .on the left arm of the second chromosome Fig. 7 .
The locus can be precisely positioned because it is
immediately distal to the 32C band on 2L inset in
.Fig. 7 . An in situ hybridization analysis by Messina
w xet al. 42 identified two VDAC loci in the fly, at 31E
on chromosome 2L and at 79D on chromosome 3L.
Our results probably differ from those of Messina et
 .al. because we used a large 18 kb genomic probe
 .whereas they used a much smaller 1.4 kb cDNA
probe. Larger probes are more likely to yield promi-
nent hybridization signals. It is of interest to note,
however, that there is a band at about 32B on chro-
mosome 2L in the situ hybridization figure in the
Messina paper.
We conclude that the two fly VDAC cDNAs
represent the same gene and that there is a single
VDAC gene in D. melanogaster with a cytogenetic
locus at 32B on 2L.
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